immunocytochemistry in rhesus monkey brain. BRAIN RES BULL 13(6) 78MW, l!%t.-The immunctcytochemical distribution of proopiomeIanocortin (POMC) peptides @-endorphin, ACTS, a-MSH, 16K fragment) was studied in the brain of the rhesus monkey (Muccrco mulatto). Some animals were administered cokhicine intmcembm ventricuktiy prior to sacri6ce to enhance the visualixation of periharyal immunoreactivity. Immunoteactive petikarye are kcahxed to bypothalamk infundiiukr nuckue, givinR rise to several distinct projections. Rosrraf projections extend thf0@ midline diencephsbc and preoptic areas, and enter the tekncephalon. Alott~ this course, immuwrertive fIbem are seen in midhnc hyp&hakmk and preoptk au&i, nuckus of the diagonal band, olfactory tuberck, nuckus accumbenr, bed nuckus of stria terminalis, septum, and other limbic structures in tclencephalon. Caudal to the anterior commissure, sane fIben ascend dorsally to enter the midline thalamus, which they innervate. Lateral projections of the infumiii perikarya course through the medial-basal hypothalamus, dorsal to the optic tracts, and enter the amy&k m&on where they innervate more medially situated amygdaloid nuclei. Causal projections of the POMC neurons also extend thm@ midline dkncephalon, some coursing along a perivcntricular path to innervate midhne hypoth&mic and thakmic nuclei. This projection extends into the mesencephalic substantia @ea centralis and may also contribute to the innervation of more dotsally situated nucki in the ports and medulla. such as the pambrachial nucki and m&us tractus solitarhrs. Other caudal projections originating in the hypothakmus course through the ventral tegmentum of mesencephalon and posts and may contribute to the innervation of midline raphe and other ventrrdly situated nucki in the pans and medulk. Tbe distribution of immunoreactive petiharya and fIben in the brain of rhesus monkey is s-y simikr to that found in the rat brain. However, subtle differences appear to exist in the inoervation patterns of particular brain regions.
Rhesus monkey
Brain Immunocytochemistry PROOPIOMELANOCORTIN (POMC) and its derivative peptides have recently been the subject of much intensive investigation (see [3, 4, 23, 34, 481) . The interest in FOMC derives from the fact that it contains several known bioactive peptides (i.e., fl-cndorphin,
ACTH, a-M%),
that it is produced in both pituitary and brain (hence the potential for both hormone-like and transmitter-like actions of its products), and also that its end products have possible physiological roles in the modulation of pain, stress, neuroendocrine, cardiovascular, respiratory, and several other autonomic processes [23] .
Most of our current knowledge of POMC and its processing into bioactive peptides derives from work on the pituitary gland [ 14, 17.541. The processing of POMC in brain neurons is less well understood, but appears to be dissimilar to that occurring in the pituitary (see [So] ). Neurons that synthesize POMC are located in the arcuate nucleus of rat hypothalamus. This nucleus is the equivalent of the primate infundibular nucleus. Immunocytochemical studies in both rat and human have demonstrated the colocalization of FQMCderived peptides within the same arcuate (inftutdibular) neurons [S, 37, 42, 491 . In rat, the arcuate FOMC neurons project to many telencephalk, diencephalic, and brainatem sites; these projections have been extensively'mapped jn the rodent central nervous system [6, 7, 16, 19, 23, 32, 49, 51, 52, 551 . Some preliminary observations have also been made in the pigtail monkey, Mucaca nemesrrina [l] . The latter investigators have described ACTH immunoreactivity in infundii pctikarya and in fibers located in the preoptic area, hypothalamus, paravenbicular thahtmur, substantia grisea centralis (periaqueductal gray), and midline retkular formation.
Most of our knowledge of the anatomy of FOMC systems derives from work on the rat central nervous system [3] . However, there are known interspecies differewes in the central nervous system distribution of neurottansmitter substances [18, 40, 431 . An example which is most pertinent to the present study is the work by Haber and Elde [ 181 on the distribution of Met-enkephalin immunoreactivity in the brain of the African green monkey (Cercopithocus aethiops), in were noted between monkey and rat. In the present study, we describe the POMC system of the rhesus monkey brain using antisera raised against ACTH, @-endorphin, a-MSH, and 16K fragment, and compare these fmdings to those obtained using the same antisera in rat.
METHOD

Adult male and female rhesus monkeys (Macaca mulatto)
were obtained for the present study. The monkeys were either kept under normal conditions (one) or were treated with colchicine (four, see below). Prior to sacrifice, each animal was anesthetized with sodium pentobarbital (30 mg/kg) injected into the saphenous vein. Once completely anesthetized, the animal was placed on a surgical table, an endotracheal tube was inserted and attached to a respirator, and the chest cavity was exposed. The pericardium was excised and the apex of the ventricles was cut open. A plastic tube (connected to the perfusion apparatus) was inserted through the left ventricle into the aorta and was tied in place with a suture. After cutting the right atrium, the cardiovascular system was flushed with 2 liters of normal saline through the inserted tube. Following the completion of the saline flush, 16 liters of neutral-buffered 4% formaldehyde were pumped through the vasculature for 30 minutes. The tube was then removed and the head was severed from the trunk and placed in a stereotaxic apparatus. The skull was exposed, the top of the calvarium removed, and the brain was cut into 1 cm thick slices in the frontal or paras&ttal planes using a Kopf stereotaxic device with blades attached. The skull was then removed from the stereotaxic apparatus and the brain slices were removed and postfixed in buffered 4% formaldehyde for 2-4 hours. The tissue was transferred into 15% sucrose in phosphate-b&&red saline (PBS) and stored overnight at 4°C. The tissue was then &oxen in -WC isopentane or liquid nitrogen, and stored at -80°C.
For peroxidase-antiperoxidase immunocytochemistry [24], the tissue was sectioned at -20°C in a Bright cryostat and the sections were mounted onto subbed slides and were either stored at -80°C or allowed to dry at room temperature. Frontal and parat&M sectkrns were used in order to for 10 minutes, f&lowed by primary'rabbit At&rum raised against ACTH, a-MSH, /3-endorphin, or 16K finSme@. The antisera were diluted with 0.62 M PBS containing 0.3% T& ton X-100. Incubation was continued for an additional hour after which the slides were tgu&red onto wet foam rubber in a moist box and stored at 4% ovmn&ht. The next day, the tissue was washed thorou$@ in PBS for 30 minutes with several sohrtion chaqges. The slides wem a@n in 37°C with NOS for 10 minutes, followed by @.mt serum (Amei) at l/100 dilution for an additional 30 min&s. They were then transferred into the moist box and stored overnight at 4°C. On the third day, the tissue was washed in PBS for 30 minutes, incubated at 37°C with NGS for 10 minutes, and subsequently with rabbit ~ti-horser~ish peroxidase (HRP) serum at l/200 dilution for 40 minutes. The slides were then washed for 30 minutes in PBS and incubated directly with 4 @g/ml HRP enzyme (Sigma, type VI) at 37°C for 40 minutes. After completion of this step and PBS wash, the slides were immersed in a solution of 0.125 n&l di~o~n~~ne tet~y~oc~o~de (Sigma) and 0.03% H,O, for 15 minutes with constant stirring. The tissue was then washed for 30 minutes in distilled water, briefly osmicated with 0.01% OsO,, dehydrated through graded alcohols and xylenes, and mounted in Permount. Observations and photo~~ro~hs were made using a Leitz Orthoplan microscope.
Colckicine Treatment
To enhance the visualization of peptide immunoreactivity in neuronal perikarya, four animals were treated with colchicine prior to sacrhlce [U] . Colehicine is a neurotoxin, one action of which is the inhibition of microtubule formation [33] . Since axonal transport requires rnic~tub~~ (or neurotubular) action, colchicine ad~istration results in a loss of transport of synthesized materials (proteins, peptides) to axonal terminals, and an ac~um~ation of this material in the neuronal perikarya and truncal axons.
For colchicine administration, the animal was anesthetized with sodium pentobarbital injected into the saphenous vein, and the head was placed in a stereotaxic apparatus. The skull was exposed and a small hole was drilled into the skuh at a stereotaxic coordinate overtymg the widest region of the right lateral ventricle (8.0 mm anterior, 4.0 mm laterai, with reference to bregma). A cannula (attached to a volume-calibrated plastic tube) was introduced through the hole and inserted into the ventricle (19.6 mm deep). The successful insertion into the ventricular lumen was judged by a sudden drop in the column of fluid (colchicine solution) in the plastic tube which was attached vertically above the cannula. Colchicine (75, 150, 300, 600 pg per kg body weight) was thus allowed to diffuse into the cerebrospinal fluid. Pressure was allowed to reach an equilibrium, after which the cannula was retrieved, the hole was blocked with bone wax and the scalp was sutured. The animal was allowed to recover from the anesthesia and was kept under normal conditions for 24 to 48 hours prior to sacrifice and fiation as described above.
FIG. 1. (Part 5)
RESULTS
The antisera used in the present study have been characterized extensively (see [50] ). All immuuoreactivity seen usiq each antiserum was blockable by the preabsotptiou of the Primary antibody by 1 gM contention of peptide agaiust which the serum was raised. Extensive crossblocking studies also confirmed the speci6city of each antiserum. Peptides with amino acid sequences homol~us to the peptide antigen did not block the immunoreactivity when added to the primary antiserwn iu up to 50 phi concentration. The specificity ofthe ACTH a&serum is toward the midregion of ACTH, i. associated nuclei. Some fibers continue in a rostral direction to enter nucleus accumbens and nucleus of the diagonal band ( Fig. 1 : +21.5 to +17.5; Fig. 4B ). From the diagon+l band, scattered fibers are seen to enter olfactory-associated areas. These fibers are generally sparse, and are occasionally seen in the olfactory tubercle ( Fig. 1: + 19.5 ). Other fibers in the diagonal band follow a dorsal course and appear to enter the septal nuclei (Fig. 1: +19 .5 to +16.5). Scattered fibers are also seen in the head of the caudate and putamen at more ventral and medial aspects (Fig. 1: +25 .5 to +17-S).
A distinct bundle of immunoreactive fibers circumvents the anterior commissure, mainly from its rostral aspect, and enters into the septum (Fig. 8) . Other fibers innervate the bed nucleus of the anterior commissure (Fig. 4C ). Immunore~tive fibers which course caudal to the anterior commissure contribute to the innervation of the bed nucleus of stria terminalis (Fig. 1: +16 .5 to +i4.5). More caudally, fibers are seen to enter the periventricular thalamic nucleus which exhibits immunoreactivity throughout its rostralcaudal extent (Fig. 1: +12 .5 to +3.5; Fig. 5D ). Therefore, this component of the rostral projection system becomes a caudally projecting bundle within the ~~ven~c~~ nucleus of the thalamus. A continuation of these midline fibers appears to enter the mesencephalon near the posterior commissure, and thus may contribute to the innervation of the substantia grisea centralis (Fig. 1 : +7.5 to -0.5; Fig. 6A and B) and other midline brainstem regions. These projections are further described below.
In the preoptic area and the hypothalamus, a general medial-to-lateral gradient of immunoreactive fiber density is seen. The more midline structures, such as the medial preoptic, anterior hypothalamic and infundibul~ nuclei, exhibit a relatively dense accumulation of fibers (Figs. 4D, 5A and 7), whereas the lateral preoptic and lateral hypothalamic areas appear to be innervated lightly (Fig. SB) . Other hypothalamic nuclei which appear to be densely innervated include periventricular and paraventricular nuclei &nd the dorsomedial nucleus (Figs. 5C and 7) . Scatter&d immunoreactive fibers are also seen in the supraoptic nucleus as wefl as in the ventromedial nucleus (Figs. SC and 7 ). In addition, there appears to be a heavy density of fibers in the external layer of the median eminence (Fig. 7) .
2. Lateraf projections from the infundibular POMC perikarya can be seen throughout the entire medial-basal hy~th~us.
The density of these processes ~minishes gradually in a medial-to-lateral gradient ( + 11.5). A distinct band of immunoreactive fibers is seen to course laterally over the optic tracts and into the amygdala. At the level of the anterior hypothalamic area, some of these fibers course dorsal to the sup~ptic nucleus, en ru&te to the amygdala ( Fig. 1 : + 14.5). These fibers perhaps contribute to the innervation of the supraoptic nucleus. More caudally, at the level of the ventromedial nucleus, the laterally projecting fibers are sandwiched between the optic tract ventrally and the globus pallidus dorsally (Fig, 1: f 13.5 ). In amygdala, the immuno~~tive tibers are seen to innervate the more medial nuclei, specifically the medial and central nuclei ( Fig. 1 : f 17.5 to f 12.5; Fig. 4A ). Scattered fibers are also seen in the cortical nucleus, but the basal aud lateral nuclei appear to be devoid of fiber immunoreactivity. Another probable source of amygdaloid fibers may be the stria terminalis, which exhibits immunoreactive fibers. 3. Cuudal projections of the POMC neurons extend through the posterior and dorsal hypothalamic areas, and continue caudally to enter the mesencephalon (Fii. 1: + 11.5 to +7.5). This projection bifurcates into two distinct bundles. Some fibers continue in a more dorsocaudal direction and join the periventricular thalamic fibers in the mesencephalon (Fig. 1: +5 .5, +3.5; Fig. 8 ). These fibers contribute to the innervation of the subset grisea centralis (Fig. 6A and  B) . Other fibers project' laterally and caudally through the ventral tegmental area, coursing dorsal to the substantia nigm to enter the ports (Fig. 1: +9 .5 to +3.5). Scattered fibers are seen to penetrate the substantia nigra pars compacta. Other mesencephalic areas which exhibit fiber immunoreactivity include the superior and inferior colliculi (Fig.. 1: -0.5) , as well as a distinct band of fibers extending laterally from the substantia grisea centralis into the mesencephalic reticular formation (Fig. 1: + 1.5) . These dorsolaterally projecting fibers are joined by the ventrolateral projections at the level of the brachium ~~~ti~rn, and contribute to the innervation of the parabrachial nucleus ( Fig. 1: -2.5; Fig. 6C!) . In the pons and medulla, fiber immunoreactivity is more sparse, such that no distinct projections can be discerned (see Fii. 8). However, fibers are seen in such diverse braiustem nuclei as the raphe dorsalis and raphe magnus, all sensory and motor trigeminal nuclei, nuclei reticularis parvocellutaris and mngnocellularis, nucleus ambiguus, nucleus tractus solitarius, and lateral reticular nucleus (Fig 1: +1.5 to -8.5; Fig. 6D ).
DISCUSSION
The present study demons~es POMC peptide imm~~e~tivity to be distriiuted widely flout the rhesus monkey central nervous system, including diencephalic, limbic telen~p~c and midline brainstem regions. This immunoreactivity represents Bendotphin, ACTH, a-MSH and 16K fragment distribution, consistent with extensive studies which have unequivocally demonstrated the co-synthesis of these peptides from a single precursor, POMC 130, 31, 391 as well as their colocalization within the same arcuate finfundibular) perikatya in both the rat and the human [5, 32, 42, 46, 47, 491 . To date, one immunocytochemical study has been carried out in the monkey brain demonstrating the distribution of ACTH cells and processes [l] . These authors have also described immunorea~tive perikarya in the ~~~b~ nucleus of the hypothalamus, and have generally noted fiber immunoreactivity surrounding the anterior commissure ventrally, preoptic area, nucleus accumbens, caudal paraventricular, periventricular, dorsomedial, infundibular, posterior and lateral hypothalamic nuclei and regions, periventricular nucleus of the thalamus, substantia grisea centralis (periaquenductal gray), and amygdala. Fu~e~ore, Abrams et al. [l] did not observe ACTH fiber immunoreactivity in the cerebral cortex, hippocampus, substantia n&pa, cerebellum, or striatum. For the most part, the results of the present study are in good agreement with the latter. We have further described additional fiber immunoreactivity in many telencephalic, diencephalic and brainstem areas. Other immun~ytoche~c~ studies, particularly in the human brain, have dealt with the localization of POMC peptide immunoreactivity only in the h~~~~us [5, 8, 38] . Thus the present study provides the lirst full descriptive account of the anatomical distribution of POMC-derived peptides in a primate brain.
The dist~bution of POMC!-peptide imm~orea~tivity in neuronal structures of rhesus monkey brain is similar in many respects to that seen in rat brain [5-7, 16, 23, 49 , 51, 52,551. The major pathways in rat also appear to be present in monkey brain. In both species, a prominent rostrally projecting bundle courses through midline diencephalic and telencephalic structures, innervating various hypothalamic, As is the case in rat brain, the bed nucleus of stria terminalis in monkey contains a dense dist~bution of imm~orea~tive fibers and terminals. In contrast, the monkey nucleus accumbens is more prominently innervated compared to the scattered fibers seen in the media1 aspects of the rat nucleus accumbens. The scattered immunoreactive fibers seen in the head of the caudate and putamen in monkey are virtually non-existent in rat caudate-putamen.
Furthermore, the septal nuclei of monkey do not appear to be as heavily innervated as their counterparts in rat brain; the main concentration of septal fibers in monkey is restricted to the ventrolateral septal nucleus. In the ~encephalon, again very similar Gber projection patterns are noted in monkey and rat. The major pathways appear similar and the nuclear innervations virtually identical.
Many elements of the lateral and caudal projections of the POMC containing neurons of monkey brain are also similar to those observed in rat brain. A major laterally projecting system appears to traverse the floor of the monkey hypothalamus, coursing dorsal to the optic tract to enter the amygdala. However, the amygdaloid innervation appears to be restricted to the more medially situated areas such as the medial and central nuclei. By contrast, in rat brain, a particularly rich lateral projection penetrates deeply into the temporal region to include almost all regions of the amygdala and even the ~~~ygdaloid cortex, which exhibits scattered fibers. As in rat, the central nucleus of amygdala in monkey shows a dense accumulation of immunoreactive fibers and terminals. Also in both species, the stria terminalis, which connects the medially situated amygdaloid nuclei to other forebrain limbic structures, exhibits distinct fiber immunoreac~vity.
The direction of immunoreactive fiber flow in this tract has yet to be determined, since both the bed nucleus of stria terminalis, as well as the medial amygdala. exhibit immunoreactive fibers and terminals. Furthermore, both regions appear to be innervated independently at least by two separate projectional systems: the bed nucleus of stria terminalis via the rostrai projections, and the amygdala through the lateral projections. Thus, fibers in the stria terminalis could conceivably arise from either of these sources, although their actual origin will remain unclear until appropriate tract-tracing studies can be performed.
As far as the caudal projections are concerned, the innervation of the substantia grisea centralis via the different caudal projections appears to be identical in monkey and rat brain. Further caudally, in the dorsal pons, the locus coeruleus also exhibits some fiber immunoreactivity;
however, most of the fibers are localized to the periphery of this nucleus. This feature appears similar to the distribution of immunoreactive fibers in the vicinity of rat locus coeruleus. Caudal to this point, a relative decline in fiber immunoreactivity is seen in the monkey pans, with a few fibers seen dorsally throughout the midline petiventricular region as far caudal as the nucleus tractus solitatius. In the rat brain, a more pronounced bundle courses throtgh the dorsal pons as does a more ventral pontine-medullary pathway which ap parently contributes to the innervation of other brainstem reticular structures.
The relatively sparse nature of immunoreactive POMC fibers caudal to the substantia gisea centralis raises the question of the origin of fibers in brainstem regions such as the nucleus tractus solitarius. In monkey, with the doses of colchicine used in the present study, we have been able to visualize FOMC immunoreactive perikatya only in the intimdibuhu nucleus of the hypothalamus.
However, we and other investigators have recently noted perikarya in the caudal nucleus tractus solitarius pars commissuralis of rat which exhibit immunoreactivity for ACTH, j3-endorphin, and 16K fragment [20, 21, 411 . These perikarya apparently contribute to the innervation of this nucleus as well as project@ ventrally to the lateral reticular nucleus and perhaps rostrally to the parabrachial nuclei. As in monkey, the POMC-immunoreactive system of fibers seen in rat also ap pears relatively sparse caudal to the mesencephalon and rostral to the nucleus tractus solitarius, although this apparent separation is more pronounced in the monkey. Therefore, it is possibk that the immunoreactive fibers in caudal medulla arise from similar F'OMC perikarya in monkey nucleus ttactus solitarius, although we have not yet been able to demonstrate this system.
The fmdings presented here indicate a striking similarity between the POMC systems in the rodent and primate species examined, suggesting the possibility of a similarity and thus conservation of the functional roles of the POMC peptides in these species (see [3, 4, 23, 34 , 481 for review). Certain major components of this system appear to have been conserved through evolution while others have not, since we have recently shown major similarities and differences in the distribution of FOMC peptide immunoreactivity in the brain of Anolis and rat [22] . The similarity of hypothalamic FQMC systems in rat and monkey, for example, may point to a conservation of neuroendocrine regulatory mechanisms which are essential for survival and reproduction. However, there are also noteworthy species differences in the distribution of the POMC systems, which may be indicative of more specialized roles of the POMC peptides in brain function. For example, the modest innervation of caudate and putamen in monkey, which is not present in rat, raises the possibility that POMC peptides might influence extrapyramidal motor output in primates, particularly under conditions (e.g., stress) which activate POMC systems [3, 4] .
In addition to species differences in the distribution of the POMC systems, there are clear variations in the regional localization of opioid receptors in rat and primate brain [28, 45] . This combination of species differences in the distribution of opioid pathways as well as receptors indicates the need to carefully examine pathway-receptor relationships. Combined immunocytochemical and receptor autoradiographic studies have been carried out in both rodent 126,291 and primate [27,28] species, and have indicated complex re-lationships between multiple opioid pathways and receptors. In addition to this complexity, there is the issue of the re&-tionship between pOIUC systems and receptors for the nonopioid PC&E peptides (e.g., ACTH and ar-MSEI). Unfortunately, binding sites for these peptides have been very difficult to characterize [3] . Nevertheless, it is clear from studies of analgesia [44] and other behavioral measures [36] that ACM and MSH related peptides are active through a non-opioid receptor. Therefore, it seems likely that the physiological actions of released POMC peptides will be due to both opioid and non-opioid receptor interactions. These actions will be a function of the particular peptide forms released, since these forms have quantitatively or qualitatively different biological activities (see [ 
